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In situ transmission electron microscopy study of the crystallization
of Ge2Sb2Te5
B. J. Kooi,a) W. M. G. Groot, and J. Th. M. De Hosson
Department of Applied Physics, Materials Science Centre and Netherlands Institute for Metals Research,
University of Groningen, Nijenborgh 4, 9747 AG Groningen, The Netherlands
~Received 8 August 2003; accepted 30 October 2003!
Crystallization of amorphous Ge2Sb2Te5 films ~10, 40, and 70 nm thick! was studied by in situ
heating in a transmission electron microscope ~TEM!. Electron irradiation-induced crystallization is
possible at room temperature using a 400 kV electron beam where the reciprocal of the incubation
time for crystallization scales linearly with the current density during electron irradiation. Without
electron-beam exposure, crystallization starts at 130 °C. Using a 200 kV beam, crystallization also
occurred in the temperature interval between 70 and 130 °C. In principle, electron irradiation always
affects the crystallization kinetics, strongly promoting nucleation and probably not hampering
growth. At 130 °C without electron-beam exposure, 400 nm diameter colonies of 10–20 nm grains
develop in the 40 and 70 nm thick films showing clear symmetric bending contour contrast. These
spherulites prefer to have in their center the ^111& zone axis of the Fm3¯m structure perpendicular to
the surface of the film and show a typical tilt variation of 610°. At 340 °C, the transition from the
metastable to the stable trigonal (P3¯m1) crystal structure takes place. Fast and excessive grain
growth occurs with the @0001# axis perpendicular to the film surface of the film. Also shown is that
oxidation of the Ge2Sb2Te5 film strongly influences its crystallization; its critical temperature
decreases from 130 to 35 °C. © 2004 American Institute of Physics. @DOI: 10.1063/1.1636259#
I. INTRODUCTION
In phase change optical recording, Ge2Sb2Te5 is cur-
rently most widely used as the active medium for rewritable
information storage.1–4 Amorphous areas, embedded in a
crystalline surrounding, act as bits of information. A rela-
tively high laser power is used to write these amorphous
spots and medium, and low laser powers are used for erasing
~crystallization! and reading, respectively.
For the characterization of the functional physical prop-
erties of Ge2Sb2Te5 , e.g., the optical and electrical properties
~e.g. see Refs. 4–9!, most research in this growing field is
performed using lasers. As a matter of course, a structural
analysis is also performed, mainly using x-ray
diffraction.10,11 In contrast, transmission electron microscopy
~TEM! is a more appropriate method to analyze, on a local
scale, the structural changes involved in the crystallization
process in Ge2Sb2Te5 .5,12–15 TEM becomes particularly
powerful if the crystallization process can be followed in situ
in the microscope. Nevertheless, a disadvantage of TEM is
that due to the thin sample needed, in situ studies of phase
transformations are often not representative of the transitions
occurring in the bulk. However, in the present context, TEM
is ideal because the thickness of the Ge2Sb2Te5 films used in
practice is already optimal for TEM study. Thus far one ex-
tensive in situ TEM study has been reported in literature.15 It
was used to analyze in detail the kinetics of the amorphous to
crystalline phase transformation in terms of the Johnson–
Mehl–Avrami–Kolmogorov formalism. However, informa-
tion on the structure and morphology of the films after crys-
tallization is not presented. Moreover, any influence of the
electron beam on the crystallization process was reported as
being insignificant. In this article, we indicate that this is
remarkable and we will show considerable differences in
morphology and kinetics of the crystallized film inside and
outside the electron-beam exposed areas and will show that,
in principle, the electron beam always affects the crystalliza-
tion process. In addition, we have concentrated on the trans-
formation from the metastable to the stable crystal structure.
Finally, the strong effect of oxidation of the Ge2Sb2Te5 film
on the crystallization behavior is examined.
II. EXPERIMENT
Ge2Sb2Te5 master alloys were produced by mixing the
pure components ~Ge:6N, Sb, and Te both 5N! in an evacu-
ated quartz tube at 750 °C. After cooling down, it was
checked using energy dispersive spectrometry ~EDS! in a
scanning electron microscope that the composition was suf-
ficiently homogeneous across the whole ingot. No concentra-
tion gradients were detected. Pieces of the ingot were posi-
tioned in pockets for electron-beam evaporation. As
substrates, 10 nm thick Si-nitride membranes were used.
These transparent substrates were obtained by etching 100
3100 mm2 windows in a Si wafer containing a thin Si-nitride
film on one side. A Varian electron-beam evaporator with a
thickness monitor was used for the deposition of 10, 40, and
70 nm thick amorphous Ge2Sb2Te5 films. The thickness
monitor was based on pure Te and, therefore, the actual film
thickness will be systematically slightly larger. Specimens
were stored in a vacuum to prevent oxidation of the
a!Author to whom correspondence should be addressed; electronic mail:
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Ge2Sb2Te5 film. Some films were capped with a continuous
carbon film ~10–20 nm thickness! using an Edwards
resistance-heating evaporator.
For TEM, a JEOL 2010F operating at 200 kV @equipped
with an energy dispersive x-ray spectrometry ~EDS! detector
and a Gatan Imaging Filter ~GIF!# was used. A Gatan double
tilt heating holder ~model 652 with a model 901 SmartSet
Hot Stage Controller! was used that employs a proportional
integral differential controller for accurately controlling of
the temperature ~within 61 °C! and for a fast ramp rate to
attain the desired final temperature without overshoot. A dis-
advantage of the temperature control is that the thermo-
couple is connected to the furnace at the edge of the sample.
In the electron-transparent area in the center of the sample,
the actual temperature is lower than that measured by the
thermocouple. The higher the temperature, the larger the dis-
crepancy between the actual and the displayed temperature.
Also the poorer the thermal conductivity of the sample, the
larger the time delay between the moment the temperature is
reached at the edge and in the center of the sample. There-
fore, we always analyzed the outer few microns of Si-nitride
window where it connects to the thicker Si wafer. Images
were recorded on a Gatan dual-view 300 W charge coupled
device camera and on the Gatan multiscan camera that is part
of the GIF. Because the electron beam of the TEM can in-
fluence the crystallization process, we either imaged the
sample at elevated temperature, but in areas that were not
previously exposed to electrons, or we cooled down and im-
aged at room temperature ~after which we continued with
heating!. Apart from the in situ heating experiments in the
JEOL 2010F, some experiments were also performed with a
JEOL 4000EX/II operating at 400 kV.
III. RESULTS
In the temperature window between 70 and 125 °C crys-
tallization of amorphous Ge2Sb2Te5 was only observed when
assisted by the ~200 kV! electron beam. At 80 °C, a high
current density is needed to induce crystallization as can be
observed in Fig. 1, where the total current ~3 nA! produced
by a field-emission gun is focused in an area with a diameter
of about 100 nm. Figure 1~a! shows a bright-field TEM ~BF-
TEM! image and Figs. 1~b! and 1~c! show high-resolution
TEM ~HRTEM! images of the crystals with a typical diam-
eter of 5–10 nm after heating for 5 min at 80 °C. In Fig. 1~b!,
the crystals were already merged and Fig. 1~c! shows a crys-
tal viewed along a cubic zone axis.
Figure 1 holds for a Ge2Sb2Te5 film thickness of 10 nm,
whereas the figures below hold for a thickness of 40 nm.
Decreasing the current density by spreading the electron
beam in steps to larger diameters on previously unexposed
areas required higher temperatures to arrive at the formation
of observable crystallites after 5 min. For instance, Fig. 2
shows a BF-TEM image where crystallization was observed
after 5 min of heating at 90 °C when the beam was 400 nm
wide and at 120 °C when the beam had a diameter of 1.8 mm.
At 50 °C crystallization was not observed even with the
beam focused in an area with a diameter of 20 nm. At
130 °C, crystallization also occurs outside the area irradiated
by the electrons as can be seen in Fig. 3. Note the large
difference in morphology and what at first sight appears as
grain size of the crystals that were formed at 130 °C with and
without electron irradiation. In the irradiated area, the typical
FIG. 1. ~a! BF-TEM image showing electron-beam-induced crystallization
of a 10 nm thick Ge2Sb2Te5 film at 80 °C. ~b! HRTEM image of a detail of
~a! showing merging of 5–10 nm large crystals. ~c! HRTEM image of a
detail of ~a! showing a nanocrystal viewed along its cubic zone axis.
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grain size is 10–20 nm and the grains have random orienta-
tions @as can be seen from selected area electron diffraction
~SAED! patterns#. Outside this area, apparent large grains
with a typical size of 400 nm are present. Closer inspection
of these large grains reveals that they are in fact colonies
consisting of grains with a size of around 10 nm that have
experienced cooperative growth. Most colonies show a sym-
metric pattern of black lines very similar to bend contours.
Colonies with a three-fold symmetry ~each 60°, a black line
emerges from the center! are most abundant. These symme-
tries reveal the strong texture that is present within the colo-
nies. If all grains within a colony would have identical ori-
entation ~i.e., as in a single crystal! then the contrast would
be more or less uniform over a colony. Here, it is not. Tilting
with only a few degrees shows that the symmetric black lines
move across the colony like bending contours do. Because
the Si-nitride substrate is flat this indicates that the grains in
the center of the bend contour are exactly in a zone axis, but
when moving to the periphery of the colony the grains start
to tilt the zone axis in the radial direction. We observed that
a tilt of typical 10° is present between the center and the
edge of the colony having a typical size of 400 nm. This was
checked by tilting in such a way that the center of the bend
contour ~present in the middle of a colony! was moved to the
edge of the colony. On average, the larger the diameter of the
observed colony in plan view, the larger the variation in tilt
angle across the colony. The colonies thus strongly resemble
spherulites.16 However, note that the colony diameter is on
average 400 nm compared to a thickness of 40 nm. In this
way, a colony only corresponds to a thin cap of a sphere or
ellipsoid as schematically shown in Fig. 4. A tilt variation of
610° across a colony with an observed width in plan view of
400 nm points at a sphere with a diameter of 2.3 mm as is
shown in Fig. 4~a!. Then, the height of the cap is about 18
nm, i.e., less than the film thickness of 40 nm. Using an
ellipsoid, the height of the cap can be 40 nm, its width 400
nm, and the tilt variation 610° as is shown in Fig. 4~b!. This
ellipsoid has one long axis perpendicular to the plane of the
film of 2.35 mm and a maximum diameter parallel to the film
plane of 1.55 mm. Knowing on which side in the microscope
the film/vacuum and the film/Si-nitride interface are present
and observing to which ~calibrated! side the center of the
bend contour moves upon positive and negative tilt allows
the distinction at which interface the spherulite nucleated.
The results of these tilting experiments clearly demonstrate
that nucleation occurs at the film/vacuum interface and not at
FIG. 2. BF-TEM image showing electron-beam assisted crystallization of a
40 nm thick Ge2Sb2Te5 film after 5 min at 90 °C with an electron-beam
diameter of 400 nm ~area on the right-hand side! and after 5 min at 120 °C
with an electron-beam diameter of 1.8 mm ~area more or less in the center!.
FIG. 3. BF-TEM image showing crystallization of a 40 nm thick Ge2Sb2Te5
film after 5 min at 130 °C both without ~top and right-hand side! and with
electron-beam assistance ~lower left-hand side!. Note that only a part of the
electron-irradiated with a diameter of 5.4 mm is shown and that the crystal-
lization ~both morphology and kinetics! is clearly different with and without
electron-beam assistance.
FIG. 4. Schematic representation of a crystalline colony developing in a 40
nm thick amorphous Ge2Sb2Te5 film. The observed colonies, with typical
width of 400 nm and tilt variation of 610°, would correspond to a cap of a
sphere with a diameter of 2.3 mm as shown in ~a! or a cap of an ellipsoid
with a size of 2.35 perpendicular to the film surface and a maximum diam-
eter of 1.55 parallel to the film plane as shown in ~b!.
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the film/Si-nitride interface. This result is also indicated in
Fig. 4.
Spherulites were also observed in the 70 nm thick film
where they tend to be slightly larger, but not in the 10 nm
thick film. Apparently, and not surprisingly, a minimum film
thickness is needed to enable the growth of the spherulites.
The different morphology of the crystallization inside
and outside the irradiated area shows that the electron beam
is particularly effective in creating nuclei for crystallization
and is not assisting in the growth of the crystals since they
keep a size of the order of 10–20 nm. In this sense, the
crystallization is nucleation driven.4 On the other hand, at
130 °C without irradiation, the number of nuclei formed as a
function of time is still very low and these nuclei grow to
relatively large colonies and in this sense the crystallization
appears growth driven.4 Using laser irradiation, it was ob-
served that the crystallization in Ge2Sb2Te5 films is nucle-
ation driven and in this sense the process seems to resemble
more the one aided by electron irradiation than by thermal
activation alone.
After 5 min at 130 °C crystallization inside the irradiated
area is completed. However, outside this area the crystalliza-
tion is finalized when the temperature is raised up to 140 °C
@see Fig. 5~a!#. Figure 5~b! shows an SAED pattern of the
area indicated by the black circle in Fig. 5~a!. The SAED
pattern matches perfectly with a face-centered-cubic ~fcc!
crystal viewed along its ^111& zone axis having a lattice con-
stant of 0.6060.01 nm. This pattern corresponds well with
the metastable NaCl-type structure of Ge2Sb2Te5 having a
lattice constant of 0.601 nm.10,11 The diffraction pattern in
Fig. 5~b! gives the impression that it originates from a single
crystal. However, as explained above, this is not in accor-
dance with the bend-contour contrast present in the colonies
and with the tilting experiments. The positions of the spots in
the pattern in Fig. 5~b! are not sensitive to tilt but the inten-
sities of the spots are sensitive. If, however, the tilt occurs in
a radial direction symmetric around the center of the bend
contour and the center of this contour is more or less in the
center of the selected area aperture, then the spot pattern will
still have the appearance of a single crystal viewed perfectly
along its zone axis.
Increasing the temperature above 140 °C does not lead to
drastic changes, but increases the size of the individual crys-
tallites in the colonies to typical 40–50 nm and results in
void formation ~cf. Fig. 6 that is recorded at 335 °C!. The
connected structure within the individual colonies is lost
gradually during this anneal from 140 to 335 °C. Void for-
mation has two origins: ~1! Crystallization results in a denser
structure due to the removal of free volume from the amor-
phous structure. This effect is expected to be small because,
in the metastable NaCl-type crystal structure, 20% of vacan-
cies are still present on one of the two fcc sublattices over
which Ge and Sb are distributed ~with Te occupying fully the
other fcc sublattice!. Nevertheless, a volume reduction of 6%
has been reported when the metastable crystalline structure
forms out of the amorphous one.17 ~2! Evaporation of the
Ge2Sb2Te5 film at the elevated temperatures. The images
were recorded for films without a capping layer that are, of
course, prone to evaporation in the vacuum of the TEM.
Increasing the temperature to 340 °C results in a dra-
matic change. Excessive grain growth occurs where the grain
boundary moves fast ~of the order of a second! over many
micrometers. Figure 7~a! shows a BF-TEM image with the
corresponding SAED pattern in Fig. 7~b!. Careful inspection
of Fig. 7~b! shows that additional spots have appeared, as
indicated by the arrows, compared to the ^111& fcc zone axis
pattern of Fig. 5~b!. The pattern in Fig. 7~b! points at a hex-
agonal crystal structure viewed along its @0001# zone axis
having a lattice constant a50.42460.007 nm. This lattice
constant corresponds well with the stable high-temperature
crystal structure of Ge2Sb2Te5 having a and c lattice con-
stants of 0.425 nm and 1.727 nm, respectively.18 Note that
the voids with a triangular shape due to $112¯0% facets ~if
these facets are observed edge on! that were rearranged very
fast during the phase transformation. The @0001# texture in
the film is very strong. Apparently, the basal planes in the
trigonal structure want to be parallel to the surface or to the
interface with the Si-nitride ~the grains have a large aspect
ratio and the influence of the grain-boundary energy is there-
FIG. 5. ~a! BF-TEM image showing a fully crystallized 40 nm thick
Ge2Sb2Te5 film after 5 min at 140 °C ~without electron-beam assistance!
showing crystals with bending-contour contrast. ~b! SAED pattern of the
circular area indicated in Fig. 4~a! showing a ^111& zone-axis pattern of an
fcc material having a lattice constant of 0.6060.01 nm.
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fore negligibly small!. Because each basal plane is only oc-
cupied by the atoms of one element, there may be a strong
preference for a certain element at the surface in order to
attain the lowest surface energy. It is known that thin films of
amorphous Sb and Sb–Ge ~with Sb.85 at. %! after crystal-
lization develop a strong fiber texture with @0001# perpen-
dicular to the surface.19 Moreover, Sb is well known for its
segregation tendency in many systems and for its behavior as
a surfactant.20 Therefore, it is quite likely that in the present
system, Sb prefers to be the outermost atomic layer.
Oxidation of the Ge2Sb2Te5 has a tremendous effect on
the amorphous to crystalline transition temperature. After
keeping a 10 nm thick Ge2Sb2Te5 film for 2 weeks in air ~in
a conditioned room! heating was hardly necessary to crystal-
lize the whole film; a temperature of 35 °C was sufficient as
can be seen in Fig. 8. Notwithstanding the low-temperature
crystallization occurred very fast ~a matter of seconds for
complete crystallization!. Figure 8~a! shows an overview
bright-field ~BF! image and Fig. 8~b! a HRTEM image. The
crystallites have a typical size of 40–50 nm and are strongly
facetted. This is a totally different crystal morphology then
the one observed after the normal crystallization at 130 °C
~cf. Fig. 3!. Grain boundaries give a distinct contrast; darker
than the weakly diffracting crystalline grains and brighter
than the grains showing a strong diffraction contrast @cf. Fig.
8~a!#. These grain boundaries still have an amorphous struc-
ture, probably due to the presence of amorphous Ge oxide.
From the three elements present in the film, Ge has the high-
est oxygen affinity and is thus preferentially oxidized. The
remaining film will thus become enriched in Sb and Te. It is
known that the crystallization temperature (TC) decreases as
the relative amount of Sb2Te3 increases in the pseudo-binary
GeTe-Sb2Te3 system; e.g., for GeTe a TC of 170 °C is
given,21 for Ge2Sb2Te5;140 °C22,23 and for Ge1Sb4Te7
;120 °C.22,23 Interesting in this context is that for GexTe12x
for x going from 0.2 to 0 the TC decreases from about 200 to
0 °C.21 Calculated values for the glass-transition temperature
(Tg) for ~all possible compositions in! the ternary Ge–
Sb–Te system23 show indeed that from Ge2Sb2Te5 to
‘‘Sb2Te5’’ a decrease from 110 °C to about 210 °C occurs.
Noting that TC is always somewhat higher that Tg , the
present finding fits well within this picture by a decrease
from 130 to 35 °C.
All of our samples may have suffered weakly from oxi-
dation, because they have to be transported through air to the
TEM. However, the TC of 130 °C we observed agrees well
with what is generally found for Ge2Sb2Te5 . On the other
hand, the sample kept 2 weeks in air shows a strong lowering
of TC . It is this distinct difference we want to present with-
out a further detailed study of the effect of intermediate pe-
riods of exposure to air.
The temperature for the transition from the metastable to
the stable crystal structure is not so strongly affected by oxi-
dation. Now we find a temperature of 275 instead of 340 °C.
Again, this transition is very distinct when it occurs within
FIG. 6. BF-TEM image showing a crystallized Ge2Sb2Te5 film after heating
at 335 °C ~without electron-beam assistance! showing coarsening of the
crystallites that have to a large extent lost their connected structure in the
colonies. Also voids develop.
FIG. 7. ~a! BF-TEM image showing the excessive grain growth that occurs
at 340 °C when the metastable crystal structure transforms into the stable
one. Voids with triangular shape develop in a single grain. ~b! SAED pattern
showing perpendicular to the surface an @0001# orientation of the Ge2Sb2Te5
crystal, with a50.42460.007 nm that points at the (P3¯ m1) stable crystal
structure. Arrows indicate the ~weak! $101¯0% reflections making the distinc-
tion between the stable and the metastable crystal structure @cf. Fig. 5~b!#.
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the microscope. Very large crystallites are formed where the
grain boundaries sweep in a second over micrometers.
Again, in principle, only crystals with the ~0001! plane par-
allel to the surface develop. Voids tend to be pushed to the
‘‘tilt boundaries’’ between these grains.
IV. DISCUSSION
Crystallization ~with the sample holder at room tempera-
ture! of amorphous Ge2Sb2Te5 under the electron beam of a
TEM was mentioned in Ref. 14. Working at 200 kV accel-
eration voltage instead of the normal 400 kV ~and defocusing
the beam on the specimen! removed their problems with
crystallization of 80 nm thick Ge2Sb2Te5 . In the present
work, we did not observe crystallization under a 200 kV
electron beam with the sample holder at room temperature.
However, at 70 °C, we could invoke crystallization after
5–10 min under the electron beam for all three film thick-
nesses investigated ~10, 40, and 70 nm!. Most likely, crystal-
lization is possible at lower temperatures, but then a longer
incubation time holds for crystallization. We used a field-
emission gun TEM, where high current densities can be at-
tained, because the current can be confined into small probe
sizes. However, the total current in the probe that is going
through the specimen is generally much less than produced
by a LaB6 filament. Our JEOL 2010F was operated at a
probe current of about 3 nA, whereas we operate the JEOL
4000 EX/II generally with a ~relative low! probe current
through the sample of the order of 30 nA. We tested if we
could crystallize a 40 nm thick film with the holder at room
temperature using this 400 keV 30 nA current. Indeed, this
turned out to be possible.
Measuring the incubation time for crystallization as a
function of current density of the electron beam led to the
results presented in Fig. 9. When the current density I ~in
nA/mm2! is plotted versus the reciprocal of the incubation





According to our expectation, an infinitely high current den-
sity is needed for t i50. However, a priori we did not expect
that for a current density going to zero, the incubation time
would go to infinity. Therefore, we did not force the fit to go
through I50 for 1/t i50, but the resulting value I50.17
64.8 shows that it effectively holds. This finding is impor-
tant, because it indicates that there is no finite current density
below which the incubation time goes to infinity. Thus even
for the lowest dose, an effect of the electron beam on the
crystallization process is expected. One can argue that if the
incubation time is long enough ~e.g., more than 10 h!, the
effect of the corresponding electron beam on the crystalliza-
tion process will be negligibly small ~because at higher tem-
FIG. 8. ~a! BF-TEM image showing the strong influence of the oxidation of
a 10 nm thick Ge2Sb2Te5 film resulting in crystallization at 35 instead of
130 °C and a totally different crystal morphology ~cf. Fig. 3!. The deviating
contrast of the grain boundaries indicate the presence of an amorphous
phase, possibly GeOx leading to a Ge depleted alloy with totally different
crystallization behavior. ~b! HRTEM image showing a strongly facetted
crystal surrounded by an amorphous phase.
FIG. 9. The reciprocal of the incubation time for crystallization of a 40 nm
thick Ge2Sb2Te5 film as a function of the current density of a 400 kV
electron beam going through the film ~with the sample holder at room tem-
perature! shows that they can be linearly related.
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peratures, the kinetics are such that crystallization occurs
within minutes!. However, this reasoning is incorrect. In Fig.
3, we see that a 200 kV beam with a diameter of 5.4 mm
clearly altered the kinetics and morphology of crystalliza-
tion. The current density in this case was only 0.12 nA/mm2.
If we insert this value in the above equation, the incubation
time would be about 100 h at room temperature for a 400 kV
electron beam and even longer for a 200 kV one. Still, the
effect in Fig. 3 is substantial. Hence, the conclusion is that it
appears impossible to avoid the influence of the electron
beam on the crystallization of Ge2Sb2Te5 .
Defocusing the beam even more strongly using very
small current densities may still be used to minimize ~al-
though not totally avoiding! the influence of the electron
beam on the crystallization process. Then, the question is if
the signal-to-noise ratio still allows fast capturing ~e.g., on
video tape! of images during crystallization that are clearly
interpretable. Based on the present discussion, it is quite re-
markable that the kinetic study performed in Ref. 15 by in
situ TEM using a JEOL 4000 EX operating at 400 kV and
capturing images with 25 frames/s did not suffer from the
influence of the electron beam on the crystallization process.
Generally, a higher accelerating voltage reduces speci-
men heating and radiolysis by the electron beam, but in-
creases displacement damage by knock-on collisions.24 The
present results and the ones reported in Ref. 14 show that at
400 kV crystallization is more promoted than at 200 kV. This
clearly indicates that the effect of the electron beam is dis-
placement damage and not radiolysis or specimen heating.
Also, the difference in crystallization morphology inside and
outside the area irradiated ~cf. Fig. 3! indicates that the in-
fluence of the electron beam is not a simple heating effect.
Then, the same morphology as observed at 130 °C would
have been observed at lower temperatures under the electron
beam, which is not the case.
The relation between the threshold displacement energy






where m0 is the electron rest mass, c is the speed of light,
and M is the atomic mass of the target atom ~all in Systeme
International units!. If no displacements are observed for a
200 keV beam, then the threshold displacement energies of
Ge, Sb, and Te are larger than 7.2, 4.3, and 4.1 eV, respec-
tively. If these atoms are displaced for E05400 keV, then Ed
is equal or smaller than 17, 10, and 9.6 eV for Ge, Sb, and
Te, respectively. It is not clear if crystallization requires that
all three kinds of atoms are displaced. Maybe the displace-
ment of one or two kinds of atoms and the accompanying
production of free volume ~here, we do not speak of, e.g.,
vacancies in the starting amorphous structure! is sufficient to
largely increase the probability that a nucleus with a size
equal to or larger than the critical one is formed ~at the actual
temperature!. At least Ge has to be displaced, implying that
its displacement energy is equal to or smaller than 17 eV and
larger than 7.2 eV. This value is reasonable since the typical
range for Ed is from 5–50 eV ~Refs. 24 and 25! and we
expect that the bonding between the atoms are not so strong
in this relatively soft amorphous alloy.
The large colonies outside the electron-irradiated area
~cf. Fig. 3! indicate that nucleation is the rate-limiting step
and that once a stable nucleus is formed, colonies can grow
relatively fast. In contrast, small randomly oriented grains
are present inside the irradiated area. Apparently, the excita-
tions by the energetic electrons clearly facilitate the forma-
tion of stable nuclei. Because so many nuclei are initially
formed simultaneously, their growth is spatially limited due
to the neighboring nuclei. A second possibility is that the
growth of the crystallites is hampered by the electron irra-
diation and, in this way, the nuclei are formed sequentially
over a larger time span, but that it still results in a crystal-
lized film with only small randomly oriented grains. The
present work on Ge2Sb2Te5 does not allow discrimination
between these two possibilities. However, a subsequent in
situ TEM crystallization study of fast growth Sb-rich phase
change material ~instead of the present fast-nucleation mate-
rial! revealed that growth speeds are not affected by the elec-
tron irradiation, only the nucleation rate, in particular for the
low temperatures near TC . Although the materials are differ-
ent, it is likely that also in Ge2Sb2Te5 growth is unaffected
by the electron irradiation.
It has been shown that the crystallization of Ge2Sb2Te5
is nucleation driven ~growth limited!.4 On the other hand,
crystallization of Ag–In–Sb–Te ~Ref. 4! or doped eutectic
Sb2Te Ref. 26 is growth driven. The observation of large
colonies at 130 °C in the present experiments on Ge2Sb2Te5
seems to contradict that growth is the rate-limiting step. Sev-
eral factors can explain the discrepancy. The experiments for
proofing the nucleation-driven crystallization of Ge2Sb2Te5
were performed in real disk structures, where the adjacent
dielectric layers may have promoted nucleation. However,
the same experiments and some others15,27 indicated that the
nucleation rate is reduced at the GeSbTe–ZnS/SiO2 inter-
face. So, this cannot be the explanation. On the other hand, it
is likely that at 130 °C, the amount of superheating is too
small for a sufficient number of nuclei to form. In accor-
dance with classical nucleation theory, a slight increase in
temperature results in an explosive increase in the number of
stable nuclei. This increase is much stronger than the accom-
panying increase in growth rate. So, only in a small tempera-
ture interval, just above the critical temperature for crystalli-
zation, large colonies can develop. Therefore, in most
experiments, using laser and thermal heating at higher tem-
peratures ~say from 150 °C and higher!, with more superheat-
ing, the large colonies will be absent. The present observa-
tions are not anomalous, because any phase transformation
will show a temperature interval close to the one where the
two phases are in equilibrium where the transformation is
nucleation limited.
The typical bending-contour contrast of the spherulites,
as we observed with TEM ~cf. Figs. 3 and 5!, was also ob-
served, but not identified and recognized as such in the
doped eutectic Sb2Te phase change material.26 Due to its
growth-driven crystallization, this material will, in general,
show this typical bending-contour contrast, whereas
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Ge2Sb2Te5 will only show it just above the crystallization
temperature.
The observation ~using the spherulites! that crystal
nucleation starts at the lowest temperature at the film/
vacuum interface and not at the film/Si-nitride interface
agrees well with the results obtained by Ohshima27 that the
crystallization temperature of a single Ge2Sb2Te5 layer is 15
K lower than when this film is sandwiched between Si3N4
films. Moreover, using cross-sectional TEM nucleation was
directly observed to occur at the surface instead of at the
interface with an Si substrate.5 Although Fig. 4 shows which
cap of a sphere or ellipsoid corresponds to the actual obser-
vations; these caps should not be interpreted as the growth
fronts of the spherulites. In fact, we did not really demon-
strate that nucleation occurs at the film/vacuum interface, but
we established that the bending within the colony is such that
the center of the spherulite is at the vacuum side as shown in
Fig. 4. The most logical growth mode of a colony is that after
nucleation, with a ^111& axis perpendicular to the surface,
growth is fastest along this axis across the whole thickness of
the film. During this perpendicular growth, the ^111& axis
may already show a divergence when it approaches the Si-
nitride. During the ~subsequent! lateral growth, the ^111& axis
slowly, but continuously, tilts from the perpendicular direc-
tion to the in-plane direction. Although it is tentative, the
driving force for this growth mode is possibly the competi-
tion between the surface energy ~that favors ^111& perpen-
dicular to the surface! and the fastest growth direction that
favors a ^111& direction in the plane of the film ~requiring a
maximum tilt of 19.5° within a colony due to the presence of
the other equivalent ^111& directions!. More detailed work is
needed to unravel the actual growth mechanism of these
crystalline Ge2Sb2Te5 colonies.
V. CONCLUSIONS
The crystallization of amorphous Ge2Sb2Te5 films ~10,
40, and 70 nm thick! was studied by in situ heating in a
transmission electron microscope. In a temperature interval
between 70 and 125 °C, crystallization only occurred when
aided by the 200 kV electron beam. Using a 400 keV beam,
crystallization was possible with the sample holder at room
temperature. The reciprocal of the incubation time for crys-
tallization turned out to scale linearly with the current den-
sity of the 400 keV beam. It was demonstrated that, in prin-
ciple, the electron beam always affects the crystallization
process. Nucleation is strongly promoted by the electron
beam and observations suggest that crystal growth remains
unaffected. The main effect of the electron irradiation is dis-
placement damage by knock-on collisions and not radiolysis
or specimen heating.
At a temperature of 130 °C and higher, crystallization
also occurs without electron irradiation. Just above the criti-
cal temperature for crystallization large colonies ~typical size
400 nm! of 10–20 nm crystallites develop showing typical
high symmetry bending contour contrast. These colonies can
be identified as thin top sections ~a cap! of spherulites. They
developed in the 40 and 70 nm thick films, but not in the 10
nm ones. Most abundant are spherulites with a ^111& zone
axis of the NaCl-type Ge2Sb2Te5 structure perpendicular to
the surface. Careful analysis shows that nucleation starts at
the film/vacuum and not at the film/Si-nitride interface. At
higher temperatures, crystals in the spherulites coarsen and
their mutual orientation relation is gradually lost and also
voids develop in the film.
At a temperature of 340 °C, the transformation to the
stable trigonal crystal structure (P3¯m1) of Ge2Sb2Te5 oc-
curs. The transition is characterized by very fast and exces-
sive grain growth with the @0001# axis of the grains perpen-
dicular to the surface. It is also shown that oxidation of the
film strongly affects its crystallization; the critical tempera-
ture for crystallization lowers from 130 to 35 °C. Even at this
low temperature, crystallization is a very fast process. Re-
moval of Ge by its preferential oxidation is held responsible
for the change in the crystallization process.
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